While picornaviruses are known to infect different animals, their existence in the domestic cat was unknown. We describe the discovery of a novel feline picornavirus (FePV) from stray cats in Hong Kong. From samples from 662 cats, FePV was detected in fecal samples from 14 cats and urine samples from 2 cats by reverse transcription-PCR (RT-PCR). Analysis of five FePV genomes revealed a distinct phylogenetic position and genomic features, with low sequence homologies to known picornaviruses especially in leader and 2A proteins. Among the viruses that belong to the closely related bat picornavirus groups 1 to 3 and the genus Sapelovirus, G؉C content and sequence analysis of P1, P2, and P3 regions showed that FePV is most closely related to bat picornavirus group 3. However, FePV possessed other distinct features, including a putative type IV internal ribosome entry site/segment (IRES) instead of type I IRES in bat picornavirus group 3, protein cleavage sites, and H-D-C catalytic triad in 3C pro different from those in sapeloviruses and bat picornaviruses, and the shortest leader protein among known picornaviruses. These results suggest that FePV may belong to a new genus in the family Picornaviridae. Western blot analysis using recombinant FePV VP1 polypeptide showed a high seroprevalence of 33.6% for IgG among the plasma samples from 232 cats tested. IgM was also detected in three cats positive for FePV in fecal samples, supporting recent infection in these cats. Further studies are important to understand the pathogenicity, epidemiology, and genetic evolution of FePV in these common pet animals.
performed using the SuperScript III kit (Invitrogen, San Diego, CA), and the reaction mixture (10 l) contained RNA, first-strand buffer (50 mM Tris-HCl [pH 8.3] , 75 mM KCl, 3 mM MgCl 2 ), 5 mM dithiothreitol (DTT), 50 ng random hexamers, 500 M each deoxynucleoside triphosphates (dNTPs), and 100 U SuperScript III reverse transcriptase. The mixtures were incubated at 25°C for 5 min, followed by 50°C for 60 min and 70°C for 15 min. The PCR mixture (25 l) contained cDNA, PCR buffer (10 mM Tris-HCl [pH 8.3 ], 50 mM KCl, 2 mM MgCl 2 , and 0.01% gelatin), 200 M (each) dNTPs, and 1.0 U Taq polymerase (Applied Biosystems, Foster City, CA). The mixtures were amplified in 40 cycles, with 1 cycle consisting of 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min, and a final extension at 72°C for 10 min in an automated thermal cycler (Applied Biosystems, Foster City, CA). Standard precautions were taken to avoid PCR contamination, and no false-positive results was observed for the negative controls.
All PCR products were gel purified using the QIAquick gel extraction kit (QIAgen, Hilden, Germany). Both strands of the PCR products were sequenced twice with an ABI Prism 3700 DNA analyzer (Applied Biosystems, Foster City, CA), using the two PCR primers. The sequences of the PCR products were compared with known sequences of the 3D pol genes of picornaviruses in the GenBank database.
RT-PCR of the 2C gene of the novel feline picornavirus using specific primers and DNA sequencing. As initial RT-PCR of the 3D pol gene revealed a potential novel picornavirus in one fecal sample, all the fecal samples were subjected to RT-PCR for FePV, using primers (5=-CAAGC TCTTCTGTCAGATGGT-3= and 5=-GCAACATCTCTTGAAGTTGGT-3=) designed using the nucleotide sequence obtained during genome sequencing by amplifying a 283-bp fragment of the 2C gene. The respiratory, urine, and blood samples from cats with fecal samples positive for FePV were also subjected to RT-PCR. The components of the PCR mixtures and the cycling conditions were the same as those described above. Purification of the PCR products and DNA sequencing were performed as described above, using the corresponding PCR primers. The sequences of the PCR products were compared with known sequences of the 2C genes of picornaviruses in the GenBank database.
Genome sequencing. Five genomes of FePV were amplified and sequenced using strategies we previously used for complete genome sequencing of other picornaviruses with the RNA extracted from the fecal samples as templates (35, 60, 63) . The RNA was converted to cDNA by a combined random-priming and oligo(dT) priming strategy. As initial results showed that FePV was most closely related to our recently described bat picornaviruses and the sapeloviruses, the cDNA was amplified by degenerate primers designed by multiple-sequence alignment of the genomes of these viruses (GenBank accession nos. HQ595340 to HQ595345, NC_003987, NC_004451, and NC_006553), and additional primers designed from the results of the first and subsequent rounds of sequencing. These primer sequences are available on request. The 5= ends of the viral genomes were confirmed by rapid amplification of cDNA ends using the SMARTer rapid amplification of cDNA ends (RACE) cDNA amplification kit (Clontech). Sequences were assembled to produce the final sequences of the viral genomes.
Genome analysis. The nucleotide sequences of the genomes and the deduced amino acid sequences of the open reading frame were compared to those of other picornaviruses. The unrooted phylogenetic trees of 2C and 3D pol fragments and complete VP1 gene were constructed using the neighbor-joining method for aligned nucleotide sequences in ClustalX 2.1. The maximum likelihood phylogenetic trees of P1, P2 (excluding 2A), and P3 (excluding 3A) were constructed using the PhyML 3.0 program (20) , with bootstrap values calculated from 100 trees. Secondary structure prediction in the 5= untranslated region (5=UTR) was performed using Mfold (64) .
Estimation of synonymous and nonsynonymous substitution rates. The number of synonymous substitutions per synonymous site, Ks, and the number of nonsynonymous substitutions per nonsynonymous site, Ka, for each coding region in the five strains of FePV were calculated by the Kumar method in the MEGA 4 software program (51) .
Cloning and purification of His 6 -tagged recombinant FePV VP1 polypeptide. Since the VP1 protein is the largest and most surfaceexposed protein and contains most of the motifs important for interaction with neutralizing antibodies and cellular receptors in picornaviruses (46) , recombinant VP1 polypeptide of FePV was cloned and purified according to previously described strategies (14, 36, 39) . To produce a fusion plasmid for protein purification, primers 5=-GGAATTCCATATGGGACTG GGTGATGACCTCTCT-3= and 5=-GGAATTCCATATGCTAAGTCCCG ATCTCCATAGGGT-3= were used to amplify the VP1 gene of FePV by RT-PCR. The sequence coding for a total of 305 amino acid residues were amplified and cloned into the NdeI site of expression vector pET-28b(ϩ) (Novagen, Madison, WI) in frame and downstream of the series of six histidine residues. The His 6 -tagged recombinant VP1 polypeptide was expressed and purified using the Ni 2ϩ -loaded HiTrap chelating system (GE Healthcare, Buckinghamshire, United Kingdom) according to the manufacturer's instructions.
Western blot analysis. To determine the seroprevalence of FePV, Western blot analysis, using purified FePV VP1 polypeptide and plasma samples from stray cats, were performed as described previously (36, 39) . Briefly, 600 ng of purified His 6 -tagged recombinant VP1 polypeptide of FePV was loaded into each well of a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel and subsequently electroblotted onto a nitrocellulose membrane (Bio-Rad, Hercules, CA). The blot was cut into strips, and the strips were incubated separately with 1:500 and 1:200 dilutions of plasma samples collected from stray cats with plasma samples available for IgM and IgG detection, respectively. Antigen-antibody interaction was detected with 1:10,000 horseradish peroxidase-conjugated goat anti-cat IgM and 1:4,000 horseradish peroxidase-conjugated goat anti-cat IgG heavy and light chains (Bethyl Laboratories, Inc., Montgomery, TX) and ECL fluorescence system (GE Healthcare, Buckinghamshire, United Kingdom). 
RESULTS
Cat surveillance and identification of a novel feline picornavirus. A total of 834 respiratory, fecal, urine, and blood samples from 662 stray cats were obtained. Initial screening of respiratory, fecal, urine, and blood samples from 48 stray cats by RT-PCR for a 125-bp fragment in the 3D pol gene of picornavirus was positive in one fecal sample. The sequence from this positive sample had Ͻ65% nucleotide identity to the corresponding parts of the 3D pol genes in all other known picornaviruses, suggesting the presence of a novel feline picornavirus (Fig. 1A) . Subsequent specific RT-PCR for the 2C gene of the novel feline picornavirus on 662 fecal samples was positive in 14 (2.1%) samples. The sequences from these 14 samples had Ͻ64% nucleotide identities to the corresponding parts of the 2C genes in all other known picornaviruses. Moreover, these sequences fell into a distinct cluster, representing a novel picornavirus, FePV (Fig. 1B) . RT-PCR for FePV was positive in two urine samples from 2 of the 14 cats with FePV detected in their fecal samples. The sequences from urine and fecal samples from the same cat were identical, suggestive of a single strain of FePV. All respiratory and blood samples from these 14 cats were negative for FePV by RT-PCR. FePV was detected mainly from spring to autumn (during March, May, June, August, and October) during the study period.
Genome organization and coding potential of FePV. The genomes of the five FePV strains were 7,390 to 7,433 bases long, after excluding the polyadenylated tract, and the GϩC content was 50. 3, and the corresponding pairwise amino acid identities are shown in Table 1 . The 2A and 3A regions were excluded to avoid bias due to poor sequence alignment. For all three regions, FePV possessed higher amino acid identities to the corresponding regions or genes of bat picornaviruses, especially group 3 bat picornavirus, than to those of other picornaviruses (Table 1) . In all three trees, the five FePV strains formed a distinct cluster among the known picornaviruses with very high bootstrap support, although they were most closely related to the bat picornaviruses than to other picornaviruses (Fig. 3) . Further phylogenetic analysis of the VP1 sequences showed two distinct clusters of sequences, one formed by two strains, 127F and 661F, and the other formed by three strains, 073F, 356F and 1021F, suggesting the presence of two different genotypes of FePV, genotypes A and B, respectively (Fig. 3) . Genome analyses. The 5=UTR of FePV possessed a similar IRES structure to that of type IV or hepacivirus/pestivirus (HP)-like internal ribosome entry site/segment (IRES) with stem-loop domains II to III (Fig. 4) . This is similar to sapeloviruses and bat picornavirus groups 1 and 2 but different from the type I IRES observed in bat picornavirus group 3 ( Table 2 ). The IRESs of picornaviruses are responsible for directing the initiation of translation in a cap-independent manner, which requires both canonical translation initiation and IRES trans-acting factors (50) . The putative translation initiation site of FePV was contained by an optimal Kozak context (RNNAUGG), with in-frame AUG at position 324. The UANCCAU loop, found in domain II of the IRESs of hepatitis C virus (HCV), avian encephalomyelitis virus (AEV), classical swine fever virus (CSFV), and bovine viral diarrhea virus (BVDV), was also present (23) . Domain IIIa of FePV IRES contained a sequence of 18 nucleotides (GGACUGCAUUGCAUAU CC), identical to that found in porcine teschovirus 1 (23) . In addition, the 5=UTR of FePV consisted of a stretch of 17 nucleotides (UACUGCCGAUAGGGUC), identical to that found in porcine sapelovirus (formerly porcine enterovirus A [PEVA]), which contained the most conserved domain IIIe and the four upstream nucleotides of type IV IRES (23) . No obvious pyrimidine tract can be found near the translation initiation site.
The L protein of FePV exhibited very low (Յ23.6%) amino acid identities to those of known picornaviruses and was the shortest L protein (50 aa) among those of known picornaviruses (range, 50 to 451 aa), compared to another short L protein of 55 aa in bat picornavirus group 3. This L protein shared 74% to 98% amino acid identities among the five FePV strains. It does not possess the characteristic amino acid residues important for proteolytic activity. The catalytic dyad, Cys and His, conserved in papain-like thiol protease, has been found in the L proteins of aphthoviruses and erboviruses (19, 25) . Although the L protein of FePV possessed Cys and His residues, we cannot conclude that it possesses proteolytic ability because of poor sequence alignment. The L protein of FePV also did not possess the GXCG motif, suggesting that it probably does not have chymotrypsin-like protease activity (54) . Moreover, it did not contain the putative zinc finger motifs found in cardioviruses such as Theiler's murine encephalomyelitis virus (TMEV) and encephalomyocarditis virus (EMCV), which were important in the regulation of viral genome translation (5, 12) . The function of the L protein of FePV remains to be determined.
The P1 (capsid-coding) regions in the genomes of FePV contain the capsid genes VP4, VP2, VP3, and VP1. FePV possessed Thr or Val at the C termini of L and VP1, at the L/VP4 and VP1/2A cleavage junctions, respectively, distinct from those observed in sapeloviruses and bat picornaviruses, although Thr was also observed at the VP1/2A junction in sapeloviruses (Fig. 2) . The VP0 protein of FePV is probably cleaved into VP4 and VP2 based on sequence alignment (Fig. 2) . The VP1 protein of FePV possessed the [PS]ALXAXETG motif although the first amino acid was substituted by alanine in two strains, 127F and 661F ( Table 2) .
The P2 regions in the genomes of FePV carry the genes that encode nonstructural proteins 2A, 2B, and 2C. The 2A protein of picornaviruses is also a highly variable region (9 to 305 aa). The 2A protein of FePV (200 amino acids in length) exhibited very low (Յ29%) amino acid identities to those of other picornaviruses. This 2A protein shared 84% to 99.5% amino acid identities among the five FePV strains. The 2A protein of FePV possessed the characteristic chymotrypsin-like structures with cysteine-reactive catalytic sites (Table 2) . A putative catalytic triad of His-Asp-Cys found in 2A proteinases of enteroviruses and rhinoviruses, was also identified (26, 49) . The conserved GXCG motif in chymotrypsin-like protease, present in the 2A proteins of simian and porcine sapeloviruses, but not avian sapelovirus (26, 33, 55) , was also identified in the 2A protein of FePV as GSCG. However, the Asn-Pro-Gly-Pro (NPGP) motif found in 2A and 2B of aphthovirus and cardiovirus, required for cotranslational cleavage (49) , was absent in FePV. The conserved H-box/NC motif involved in cell proliferation control was also absent (26, 55, 60) . Similar to other picornaviruses, 2C of FePV possessed the GXX GXGKS motif for NTP binding (16) . Similar to turdivirus 1 and bat picornavirus group 3, the Leu of the DDLXQ motif, important for putative helicase activity, was replaced by Val (18) . This is similar to some picornaviruses in which Leu can be replaced by another nonpolar amino acid (8, 41, 47, 55, 62) .
The P3 regions in the genomes of the FePV strains carry the genes that encode 3A, 3B (VPg, small genome-linked protein), 3C pro (protease), and 3D pol (RN-dependent RNA polymerase). FePV possessed Glu at the C terminus of 3C at the 3C/3D cleavage junction, distinct from the Gln observed in sapeloviruses and bat picornaviruses (Fig. 2) . Unlike the 3C pro of sapelovirus and the closely related bat picornaviruses, which contained the catalytic triad H-E-C, the 3C pro of FePV contained H-D-C (Table 2) (1). It also contained the conserved GXCG motif which forms part of the active site of the protease, and the conserved RNA-binding motif, K[FY]RDI (15, 22) . As in bat picornavirus groups 1 and 2, the Gly in the conserved GXH motif of 3C pro in FePV was replaced by Ala. The 3D pol of FePV contained the conserved KDE[LI]R, GG[LMN]PSG, YGDD, and FLKR motifs (29) .
Using the five FePV genome sequences for analysis, the Ka/Ks ratios for the various coding regions were calculated ( Table 3) . The highest Ka/Ks ratio was observed at the L protein, although all Ka/Ks ratios were generally low, suggesting that the FePV genome was under purifying selection. Seroprevalence of FePV in stray cats. To determine the seroprevalence of FePV in stray cats, Western blot analysis using the recombinant FePV VP1 polypeptide was performed. For IgG detection, prominent immunoreactive protein bands of about 36 kDa were observed in 78 (33.6%) of the tested plasma samples from 232 cats, including the 14 cats with FePV detected in fecal samples, in the recombinant FePV VP1 protein-based Western blot assay (Fig. 5) . Positive IgG was detected in 3 (21.4%) of 14 plasma samples from cats positive for FePV in their fecal samples and 75 (34.4%) of 218 plasma samples from cats negative for FePV in their fecal samples. In addition, 28 available plasma samples from the 14 cats positive and 14 cats negative for FePV in fecal samples were subjected to IgM detection, among which 3 (10.7%) tested positive for IgM (Fig. 5) . Positive IgM was detected in 3 (21.4%) of 14 plasma samples from cats positive for FePV in their fecal samples but none (0%) of 14 plasma samples from cats negative for FePV in their fecal samples. Among the plasma samples tested from the 14 cats positive for FePV in their fecal samples, two were positive for both IgM and IgG, one was positive for IgM only. and one was positive for IgG only. Viral culture. No cytopathic effect was observed in any of the cell lines inoculated with the samples that were positive for FePV by RT-PCR. RT-PCR using the culture supernatants and cell lysates for monitoring the presence of viral replication also showed negative results.
DISCUSSION
We report the discovery of a novel feline picornavirus (FePV) from stray cats in Hong Kong, which represents the first documentation of a picornavirus in the domestic cat (Felis catus). In this study, FePV was detected in the fecal samples from 14 (2.1%) of 662 stray cats and in two urine samples. Analysis of the complete genomes of five FePV strains showed that they formed a distinct group among known picornaviruses in all three phylogenetic trees constructed using the P1, P2 (excluding 2A), and P3 (excluding 3A) regions with a very high bootstrap value of 100 (Fig. 3) . The presence of closely related strains of FePV under purifying selection in a significant proportion of these stray cats suggested that these animals are likely the natural reservoir of this novel picornavirus. Western blot analysis revealed a high seroprevalence of 33.6% among the animals tested for IgG against recombinant FePV VP1 polypeptide, suggesting that infection by FePV is common in the cat population studied. The detection of IgM in the plasma samples from three cats positive for FePV in fecal samples, but not from cats negative for FePV, also supports recent infection by FePV in these animals. Since only stray cats were included in the present study, further studies are important to understand the prevalence and epidemiology of FePV in cats living in domestic environments and in other countries.
In addition to its distinct phylogenetic position, FePV also exhibits genome and protein features different from those of known members of the family Picornaviridae. Analysis of the FePV genome showed that this virus is more closely related to the bat picornaviruses than to members of the known genus Sapelovirus. The P1, P2 (excluding 2A), and P3 (excluding 3A) of FePV possessed 42.0% to 45.3%, 38.6% to 45.8%, and 53.3% to 58.6% amino acid identities to the corresponding regions in sapeloviruses, respectively, whereas they possessed 51.0% to 52.6%, 51.4% to 54.6%, and 60.2% to 65.0% amino acid identities to the corresponding regions in bat picornaviruses, respectively (Table 1) . Phylogenetic analysis also showed that FePV always formed a distinct cluster with the bat picornaviruses separate from the sapeloviruses (Fig. 2) . In contrast to sapelovirus genomes with a GϩC content of 40 to 43%, FePV possessed a higher GϩC content of 50 to 51%. In fact, analysis of both the GϩC content and amino acid sequences of the P1, P2 (excluding 2A), and P3 (excluding 3A) regions showed that FePV is most closely related to the recently described bat picornavirus group 3, which itself may belong to a distinct genus in the Picornaviridae, than to members of the genus Sapelovirus (Table 1) (35) . However, FePV possessed a type IV IRES, as opposed to a type I IRES observed for bat picornavirus group 3. FePV also possessed other features different from those of sapeloviruses and bat picornaviruses, including distinct cleavage sites at the 3C/3D junction and a catalytic triad of H-D-C in 3C pro . Moreover, the L and 2A proteins of FePV exhibited very low similarity (Յ23.6% and Յ29% amino acid identities, respectively) to those of other known picornaviruses. On the basis of these results, we believe that FePV may be more appropriately classified under a new genus separate from Sapelovirus, although it remains to be determined if it should belong to the same genus together with the bat picornaviruses (32, 45, 54) .
The existence of apparently one picornavirus species in the cats studied suggests a high degree of species specificity in FePV. In the present study, the five strains of FePV exhibited high sequence similarities and similar genome organizations, suggesting a single species of FePV. Nevertheless, two potential genotypes of FePV were identified. Upon phylogenetic analysis of VP1 nucleotide sequences, two distinct clusters of sequences were found, with very high bootstrap support of 1,000 among strains within each cluster (Fig. 3) . Therefore, these two clusters likely represent two different genotypes, genotypes A and B, of FePV, which differed from each other by 24.3 to 25.3% in their VP1 gene sequences. Such genetic difference is comparable to that between the three genotypes of enterovirus 71, with nucleotide sequence variation of 16.5 to 19.7% based on VP1 gene analysis (4) . The observed species specificity of FePV is in contrast to the ability of bat picornavirus groups 1 to 3 to infect bats of different genera or species, which may be explained by the large species diversity of bats, their ability to fly, and tendency to roost (35) . Although we found no evidence for recombination in the present FePV strains (data not shown), other viruses from cats, such as feline coronaviruses and felis domesticus papillomavirus, have been shown to be closely related to or to recombine with their counterparts in dogs, suggesting that these feline viruses may have the potential to cross the species barrier in animals in similar living habitats (24, 52) . As picornaviruses are also known for their potential for recombination (3, 63) and given the close association of the domestic cat with humans, it would be important to monitor the genetic evolution of FePV and to study their potential for interspecies transmission.
The pathogenicity of FePV in cats remains to be determined. Picornaviruses closely related to FePV, such as members of the genus Sapelovirus, are not very pathogenic to their hosts. First isolated from the intestines of ducks with signs of hepatitis, duck sapelovirus was found to inhibit the growth of day-old ducklings but did not cause mortality (54) . Porcine sapelovirus generally causes asymptomatic enteric infections of swine, while little is known regarding the pathogenicity of simian sapelovirus (28, 32) . The recently described bat picornavirus groups 1, 2, and 3 were detected in the fecal samples from apparently healthy bats (35) . In this study, all 14 cats with positive results for FePV in their fecal samples were apparently healthy. Interestingly, the virus was also detected in the urine samples from two cats, which is in line with the shedding of human enteroviruses in urine (21) and suggests a possible wide tissue tropism. Further studies are required to determine whether the present novel picornavirus cause any disease in the domestic cat.
Having been associated with humans for at least 9,500 years, domestic cats usually pose little physical danger to humans. However, as a result of cat bites or via other modes of transmission, cats can affect human health with infections caused by a range of pathogens, including bacteria (e.g., cat scratch disease), parasites (e.g., toxoplasmosis), and more rarely viruses (e.g., rabies). Apart 
